Drosophila hemocytes have strong phagocytic capacities and produce antimicrobial peptides (AMPs). However, the precise role of blood cells during immune responses and developmental processes has only been studied using indirect means. To overcome this limitation, we generated plasmatocyte-depleted flies by specifically overexpressing the proapoptotic protein Hid into plasmatocytes. Unexpectedly, these plasmatocyte-depleted animals have a normal larval and pupal development and do not exhibit any obvious defect after birth. Remarkably, plasmatocyte-depleted adults show a strong susceptibility to infections by various microorganisms, although activation of systemic AMP gene transcription via the Toll and immune deficiency (IMD) pathways is wild-type. Our data show that this susceptibility, which correlates with overproliferation of bacteria, is likely due to the absence of phagocytosis. We also demonstrate that during larval stages, plasmatocytes play an essential role in mediating AMP production by the fat body after oral bacterial infection. Finally, we show that plasmatocytes are involved in immune surveillance during pupal development, because they prevent bacterial infection that causes pupal lethality.
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AMP ͉ blood cells ͉ innate immunity ͉ Toll T he cellular interactions and pathways involved in the development and function of blood cells are, to a certain extend, conserved between vertebrates and invertebrates (1-3). As in vertebrates, Drosophila blood cell development occurs in 2 phases. A first wave takes place in the embryonic procephalic mesoderm and gives rise to both plasmatocytes and crystal cells (4, 5) . Plasmatocytes, the major function of which is phagocytosis, are the predominant hemocyte population present at all developmental stages (6) . In the embryo they engulf apoptotic corpses formed during developmental processes (4, 7, 8) . In larvae and adults they are responsible for phagocytosis of invading bacteria and fungi (9, 10) . At the pupal stage they play a fundamental role by engulfing and recycling doomed cells during metamorphosis (6) . In addition to their phagocytic function, plasmatocytes also produce and secrete a number of peptides/proteins, such as antimicrobial peptides (AMPs) (11) . The crystal cells, which persist until the onset of metamorphosis, mainly contribute to larval melanization reactions (5) . The second wave of hematopoiesis occurs at the larval stage in the lymph gland. The precursors of the lymph gland derive from the dorsal thoracic mesoderm and subsequently grow during the first and second larval instars (12) (13) (14) (15) . At the third-instar larval stage, the lymph gland is the main site of hemocyte production. The lymph gland is also the production site of lamellocytes, which are cells devoted to the encapsulation of foreign bodies too large to be phagocytosed (6, 13, 16) . The contribution of hemocytes to Drosophila development and immunity has so far been addressed by blocking phagocytosis after bead injection or by using mutants with a reduced number of hemocytes (17) (18) (19) . Because these mutants show pleiotropic phenotypes and affect tissues other than hemocytes, we decided to re-evaluate the function of plasmatocytes by generating plasmatocyte-depleted individuals and by analyzing their development and immune response.
Results
To obtain flies devoid of plasmatocytes, we decided to trigger cell death in blood cells by overexpressing the proapoptotic protein Hid using the plasmatocyte (and crystal cells)-specific hml(⌬)-Gal4 driver (20, 21) . A UAS-EGFP transgene was used to precisely characterize the spatiotemporal expression of the hml(⌬)-Gal4 driver. GFP is not expressed during embryogenesis, even in late embryos in which Croquemort-positive blood cells are detected (Fig. 1A) . The expression of GFP in plasmatocytes appears shortly after hatching in early first-instar larvae (Fig.  1B) , is maintained throughout the larval stages ( Fig. 1F and data not shown), and remains in the adult (Fig. 1G) . GFP-positive cells are also detected in the cortical zone of the larval lymph gland (Fig. 1C) (12, 22) . In addition to the circulating and sessile plasmatocytes, we identified 2 yet-uncharacterized blood cell populations located in close contact to the gut cells. One group is composed of approximately 50 cells, which are positioned within the larval proventriculus, where they surround the esophagus (Fig. 1D ). More posteriorly, in the larval ventriculus, few scattered GFP-positive cells are found within the gut epithelium (Fig. 1E) . Some of these cells span the entire epithelium and are therefore in contact with both the gut lumen and the hemolymph (supporting information Fig. S1 ). These cells, which are still present in adult guts (Fig. S1 ), are also labeled by the srpHemo-Gal4 driver, suggesting that these are indeed plasmatocytes (Fig. S1 ). Interestingly, both cell groups are present in gut regions competent to produce antimicrobial peptides after oral infection by the Gramnegative bacteria Erwinia carotovora ( Fig. 1 D and E) . Confident that the hml(⌬)-Gal4 driver is blood cell specific, we then asked whether it is indeed panhemocytic. We observed that more than 96% (ϩ3 SD) of the circulating hemocytes labeled by DAPI (n ϭ 4585) in hml(⌬)-Gal4, UAS-EGFP individuals are GFP positive (Fig. 1K) . The remarkable tissue specificity of this Gal4 driver and its broad plasmatocyte distribution prompted us to use it as a tool to eliminate blood cells in vivo.
hml(⌬)-Gal4, UAS-EGFP, UAS-hid Individuals Can Reach the Adult
Stage. We first characterized the phenotype of Drosophila of the hml(⌬)-Gal4, UAS-EGFP, UAS-hid/ϩ (later called hml-hid) genotype. As expected from the hml(⌬)-Gal4 expression pattern, embryonic plasmatocytes were not ablated in these embryos (Fig. S2) . However, third-instar larval plasmatocytes of the same genotype were strongly affected by Hid overexpression. First, these larvae were almost totally devoid of GFP-positive cells ( Fig. 1 H and  M) . Second, when bled onto a coverslip, we observed that hml-hid larval hemolymph contains 40% (Ϯ4 SD; n ϭ 1,702) DAPI-positive cells when compared with controls (n ϭ 4,263; Fig. 1 J and L) . Third, more than 96% (Ϯ2 SD) of these remaining DAPI-positive cells were undergoing apoptosis, as indicated by TUNEL staining ( Fig. 1 P and Q) . The number of TUNEL-positive cells in controls was much lower (5%, Ϯ2 SD; Fig. 1 N and O) . Thus, we estimated that hml-hid larvae possess less than 2% of nonapoptotic plasmatocytes. Because plasmatocytes have been described as participating in tissue remodeling by phagocytosing larval tissues during pupariation, we were surprised to note that a significant percentage (45%, Ϯ12 SD; n ϭ 432) of the hml-hid larvae could reach the pharate adult stage and emerge as phenotypically normal adults (Fig. 1I and Fig. S3 ) (6) . Such adults contain very few remaining plasmatocytes (5%, Ϯ2.1 SD; n ϭ 9) when compared with controls (set up to 100%; n ϭ 176). This observation also emphasizes the fact that other mutants used previously to study hemocyte immune functions, such as domino, l-(3)hem, or psidin, which are all larval lethal, are very likely affected in tissues other than hemocytes (17) (18) (19) (23) (24) (25) . It should also be noted that unlike these larval-lethal mutants that have delayed development, plasmatocyte-depleted individuals reach the pupal stage with the same timing as wild-type siblings (data not shown). The temporal delay of domino, l-(3)hem, and psidin mutants could account at least partially for the immune phenotypes observed earlier, given that the intensity of the immune response has clearly been correlated with developmental timing and ecdysone titers (26) . We also noted that l-(3)hem and domino larvae contain residual hemocytes of abnormal size and shape (Fig. S4) . Finally, unlike domino mutants for instance, our plasmatocyte-depleted animals do not contain melanotic tumors or any other obvious phenotypes (data not shown). Altogether, these observations prompted us to re-evaluate the role of blood cells during immune response using our model of plasmatocyte-depleted Drosophila.
Plasmatocytes Are Dispensable for Immune Deficiency (IMD) and Toll
Pathways Activation in Adults. To test the role of plasmatocytes during the immune response, we compared the ability of control and hml-hid adults to survive infection. Flies devoid of plasmatocytes showed a clear increased susceptibility to infection by both Gram-positive and Gram-negative bacteria (Fig. 2) . These observed susceptibilities were weaker in plasmatocyte-depleted adults than in mutant for genes in either the Toll (spz) or the IMD (PGRP-LC) pathways. Whereas all spz rm7 mutant flies succumbed to infection by Enterococcus faecalis within 28 h, only 67% of the plasmatocyte-depleted adults were dead 68 h after infection. Similar susceptibility was observed when flies were infected with fungi ( Fig. 2C ). As expected, this lethality was correlated with a faster and higher bacterial growth in plasmatocyte-depleted vs. wild-type flies (Fig. 3A ). In addition, a possible explanation for the observed phenotypes could be that plasmatocytes are required to mount normal antimicrobial peptide production during the systemic immune response. To test this hypothesis, we compared Toll and IMD pathway activation in wild-type and plasmatocyte-depleted flies. Toll pathway activation quantified by Drosomycin transcription was clearly not reduced in the plasmatocyte-depleted background but was rather upregulated after infection by various Gram-positive bacteria ( Fig. 3B and data not shown) . No obvious effects of the absence of plasmatocytes on the level of both Diptericin and Attacin-A, 2 IMD pathway targets, were noted after Gramnegative infection (Fig. 3B) . Defensin transcription, which relies on Toll and IMD pathway activation, was clearly upregulated after Gram-negative infection. Kinetics of Toll and IMDdependent AMP gene transcription were similar in control and plasmatocyte-depleted flies during the first 8 h after infection (Fig. 3C and data not shown) . Note that the production of 
and Q). This number is less than 5% in hml(⌬)-Gal4, UAS-EGFP/ϩ control larvae (N and O).
various AMPs was not affected in noninfected phagocytedepleted animals ( Fig. 3) , showing that plasmatocyte killing does not, by itself, trigger the production of AMPs. These results indicate that plasmatocytes are not required per se for systemic immune response in adults. They also indicate that plasmatocytedepleted flies in which AMPs are produced at wild-type levels nevertheless exhibit increased susceptibility to a number of microorganisms, thus demonstrating the essential role of plasmatocytes in Drosophila immune response. One mechanism by which plasmatocytes could participate in resistance to infection is phagocytosis. To test this hypothesis, we challenged either eater mutant flies or flies in which the phagocytic receptors Nimrod or Eater were specifically inactivated by RNAi in the plasmatocytes with various microorganisms. Both mutants reportedly exhibit reduced phagocytic activities (9, 27) . Survival curves obtained with eater or Nimrod flies are very similar to those observed with plasmatocyte-depleted flies (Fig. 2D) , suggesting that plasmatocytes act mainly via phagocytosis. Our data also indicate that AMP production by itself is not sufficient to mount a full immune response. The fact that plasmatocyte-depleted flies mutant for the spz gene show a higher susceptibility to infection than spz mutant flies shows, as previously proposed, that AMP production acts together with but independently of blood cells to fight infection (Fig. 2E ) (15) .
Larval Plasmatocytes Are Required to Mount an Efficient Immune
Response After Natural Infection. When larvae are orally infected with the bacteria E. carotovora, a systemic IMD-dependent immune response is triggered in fat body cells (17) . The mechanisms by which these bacteria, which are unable to cross the gut epithelium, signal from the gut to the fat body remain unknown.
We assessed the role of plasmatocytes in this particular aspect of the immune response. As usual with systemic immune reactions triggered by orally transmitted bacteria, the response in wildtype larvae was heterogeneous. Some showed activation of the Dpt-cherry reporter only in fat body lobes close to the anterior and posterior ends of the larva (Fig. 4 E and F) , others in the entire fat body (Fig. 4 A-D) , and some larvae did not show any sign of IMD pathway activation in the fat body (data not shown).
The percentage of larvae with obvious IMD pathway activation was significantly reduced in the plasmatocyte-depleted larvae (Fig. 4 D and M) . Interestingly, in infected domino larvae, Dpt-cherry activation in the fat body was always almost completely restricted to the anterior and posterior lobes (Fig. 4 G and  H) . Furthermore, Dpt-cherry activation was not uniform as in controls but patchy, with only few activated cells in a given fat body lobe (Fig. 4 I and J) . Because domino encodes a ubiquitous SWI2/SNF2 DNA-dependent ATPase, we propose that the effects previously reported in domino mutants are rather due to modifications in transcriptional competence of fat body cells than to a reduction of blood cell numbers (17) . All these results were confirmed by quantitative RT-PCR measurement (Fig.  4N ). It should be noted that we did not observe any reduction of Diptericin, Attacin-A, or Defensin activation in l-(3)hem mutants when we allowed larvae to reach late L3 stage (Fig. 4N ). This suggests that the remaining hemocytes in l-(3)hem larvae are sufficient to convey the signal from the digestive tract to the fat body. In addition, we showed that larvae with reduced phagocytosis capacity (i.e., eater larvae) are as competent as wild-type larvae to induce AMP genes in the fat body after oral infection (Fig. 4N ). This suggests that phagocytosis is not a major contributor in this plasmatocytes-dependent mechanism. However, the role of phagocytosis in this process cannot be completely ruled out, given that eater mutants do not totally abolish but only reduce plasmatocyte-dependent phagocytosis.
Gut-Associated Blood Cells Are Not Required for Local AMP Production. As mentioned earlier, blood cells positive for both hemolectin and serpent expression are located in 2 domains of the gut, around the esophagus in the proventriculus and at the most posterior part of the ventriculus. To test whether these plas- matocytes are required for AMP production by the gut epithelium, we compared Dpt-cherry expression patterns in guts from control and plasmatocyte-depleted larvae after oral infection by E. carotovora. No difference could be detected between the 2 genotypes, indicating that gut-associated plasmatocytes are not essential for local Dpt activation (Fig. S6) . Targeted removal of this larval plasmatocyte subpopulation will be required to specifically investigate their function(s).
Lethality of Plasmatocyte-Depleted Pupae Is Suppressed in Axenic
Conditions. Although plasmatocyte-depleted larvae are able to develop into adults, we noticed that 55% of hml-hid individuals died during postembryonic development, more specifically at the pupal stage ( Fig. 5 and data not shown) . As expected, we found that this lethality was completely rescued by coexpressing the antiapoptotic baculovirus P35 protein, which also restores plasmatocyte GFPpositive cells both in larvae and adults ( Fig. 5 and Fig. S7 ). This specific phenotype could either be explained by a requirement of plasmatocytes during the metamorphosis process itself or could be interpreted as a need for plasmatocytes to ensure a function of immune surveillance against pathogens during normal larval and pupal stages. To distinguish between these hypotheses, we raised wild-type and plasmatocyte-depleted stocks in the presence of antibiotics. Results presented in Fig. 5 unambiguously show that the pupal lethality associated with depletion of plasmatocytes was almost completely suppressed by antibiotic treatment. This indicates that plasmatocytes play an immune function during developmental stages to prevent bacteria-induced lethality. The fact that such pupal lethality is not observed in eater mutants suggests that phagocytosis may not be involved in this plasmatocyte function. Further experiments are now needed to dissect the mechanisms by which plasmatocytes protect pupae against bacteria-induced lethality.
Discussion
By overexpressing the Hid protein, we generated Drosophila containing only few remaining plasmatocytes. This suggests that plasmatocytes are largely dispensable from third-instar larval and pupal development. We cannot, however, completely rule out that the few remaining plasmatocytes can successfully perform some essential function, such as removal of histolyzed tissue during metamorphosis. Our results show that plasmatocytes play various roles in setting up an efficient immune response. For larval immune response, plasmatocytes are critical for an efficient activation of AMP production by the fat body cells. They might be required to convey a signal from the digestive tract to the fat body, after oral infection by the Gram-negative bacteria E. carotovora. Bacterial peptidoglycan (PGN), which is the main bacterial immune elicitor in flies, could be such a signal. Alternatively, hemocytes could produce factor(s) that facilitate activation of the immune signaling pathways by circulating PGN. The fact that Dipt activation is not totally abolished in hml-hid individuals indicates that plasmatocytes contribute only partially to this process and that other plasmatocyteindependent mechanisms are involved. Our results also indicate that, in contrast to what has been published earlier, l (3) hem mutant larvae behave as wild-type controls when allowed to reach the same developmental stage. In contrast to what happens after larval oral infection, we show here that blood cells are not required in adults to mount normal Toll and IMD pathway activation after septic injuries. It is therefore unlikely that, as proposed before, plasmatocytes produce a signal (such as the Toll ligand Spätzle) necessary to activate the Toll pathway in the fat body during systemic immune response (28) . The overactivation of the Toll pathway observed in plasmatocyte-depleted flies rather suggests that plasmatocytes play a role to dampen Toll pathway activation. By phagocytosing some of the invading bacteria, plasmatocytes could reduce the amount of available Toll pathway elicitor. Alternatively, plasmatocytes could dampen Toll pathway activation by producing negative regulators of immune signaling, such as Serpins, which have been shown to inhibit the cleavage of Spz (29) . Consistently, serpin genes are expressed in plasmatocytes, and the transcription levels of some of them are downregulated upon infection (28) . The normal production of AMP in adult-depleted flies also has implications for our understanding of the mode of activation of peptidoglycan recognition protein LC (PGRP-LC). The IMD pathway is mainly activated by Gram-negative bacteria (30) (31) (32) . In these bacteria PGN is buried underneath the LPS layer and therefore is not directly accessible for recognition by the membrane receptor PGRP-LC. It has been proposed that plasmatocytes could play a role by ''presenting'' PGN for detection by PGRP-LC. Our results demonstrate that this is not the case, given that IMD pathway activation by PGRP-LC is normal in the absence of plasmatocytes. Finally, we found that plasmatocytes are involved in immune surveillance during pupal development: they prevent bacterial infection that causes pupal lethality. One possible explanation would be that during tissue remodeling, which occurs throughout metamorphosis, bacteria normally constrained to the gut lumen can accidentally gain access to the pupal tissue. If not kept in check by plasmatocytes, these bacteria can proliferate and kill the pupae. Interestingly, this control seems independent of AMP production because double mutants for the IMD and Toll pathways (Dif, key mutant flies; Immunostaining on Embryos and Larvae. Standard procedures were used for embryo and larval staining, except that signals were amplified using the Tyramide Signal Amplification kit (NEN Life Science). Primary antibodies were rabbit anti-Crq (1:500; ref. 7) and rabbit anti-GFP (1:500; Molecular Probes).
Natural Infection of Larvae. Three hundred fifty microliters of an overnight bacterial culture of Ecc-15 (OD ϭ 200) or Luria-Bertani (LB) were directly added on top of feeding third-instar larvae into medium at 25°C. Larvae were monitored for Diptericin transcription by fluorescence analysis using the Dpt-cherry reporter and by quantitative RT-PCR.
Quantitative Real-Time PCR. Real-time quantitative PCR was performed as described previously (33) . Rp49, Diptericin, Attacin-A, Defensin, and Drosomycin primers have been described previously (33) .
Cloning of Dpt-cherry Construct. A fragment containing the Diptericin gene upstream sequences from position Ϫ2266 to ϩ42 (34) was cloned upstream of the cherry coding sequence, into a pUAST plasmid. Molecular detail can be obtained upon request. Histograms correspond to the mean Ϯ SD of 5 experiments. *P Ͼ 0.05. Other differences are statistically significant (**P Ͻ 0.05).
